Microwave radiation is widely used for heating tissues in hyperthermia or diathermy medical treatments. Usually, in such treatments, the tissue's temperature is used as feedback for the microwave generator power control and consequently, for the control of the whole heating process. The temperature can be measured by contact, or non-contact (IR or MW radiometry), techniques.
Introduction
The temperature measurement of phantoms which mime the human body, during a microwave power field irradiation, is not an easy task. Generally, two types of low cost temperature measurement methods are used: (i) non-contact methods using IR or microwave radiometry (sensors are located in the proximity of the sample) and (ii) contact methods (the sensors touch or penetrate the sample) using as sensors thermistors, thermocouples or intelligent semiconductors. Independent on the measurement method, the interference of the large microwave power density field, required for heating (60-120W/cm), with the temperature sensors is the major problem. The visible effects of this interference are: overestimated temperature values (error due to overheating the sensors -placed in the microwave field in direct contact measurement), or the electromagnetic susceptibility of the communication process (analog or digital) between the temperature sensor and the electronics. The last error affects equally both non-contact and contact temperature measurements. To avoid such errors, very expensive fiber optic thermometers are used. Even in these cases, an accuracy better than +/-0.25ºC can not be acquired in the 20ºC-50ºC temperature range without calibration [1] .
The interaction between the microwave power field and the simplified biomass three layers model ( Fig. 1 ) reveals that there are not major differences in the propagation mechanism when different microwave frequencies are used ( Table 1 ). The maximum absorption of the microwave field generates the largest local heat. Fat layer disperses the microwave radiation (fat absorbs less microwaves than skin or muscle) while skin or muscle focuses it. There is an optimum angle for the incident microwave radiation (θ i =θ brewster ) for which the reflections have a minimum (allowing a transmitted wave with highest amplitude). However, in practice the microwave radiation cannot be applied under the Brewster angle, mostly because of the medical treatment protocol and also due to the necessity of adapting the applicator-patient impedances. ε ri = relative dielectric permittivity of the layers; σ i = layers electrical conductivity.
Generally, the major interest of such type of investigations concerns the mechanism that connects the absorption of microwave radiation by the layers with the dielectric permittivity tensor and fluid's density. In the simplified three layers human model described above, no perfusion is considered. In the real tissues, blood circulation (and the lymph) cools down the tissues according to Pennes theorem through vascularization [2] [3] [4] . The absorption of the microwave radiation is related with the penetration depth and consequently, the temperature sensors must be placed somewhere within the penetration depth "d", given by Eq(1).
It is important to stress on the idea that, for the patient, non-percutaneous hyperthermia procedures must be correlated with non-percutaneous temperature measurement (percutaneously applied temperature sensors is not a viable option). This is the reason why, for such non-percutaneous air epidermis L1
fat tissue L2
hyperthermia procedures, finding a correlation between the sample surface temperature and the temperature distribution in the sample's layers is crucial from technical point of view. It is not negligible to mention also that such a correlation leads to a low cost method compared to classical medical imagistic coupled with MW hyperthermia.
Materials and methods

Materials
In the experimental setup from Fig. 2 , the microwave generator (2), based on a 1200W and 2450
MHz Continuous Wave magnetron [5] , is driven by an embedded system (1), specially designed for medical and scientific applications [6] , [7] . The magnetron control system (1) can drive CW magnetrons supplied either with transformers or with inverters [8] . On both systems the magnetron filament is separately supplied. This option allows fine control of both microwave power and microwave duty-cycle (and thus the temperature in the sample) as required by the application.
2.45 GHz microwave radiation is applied to the probe using a coaxial applicator (3) provided with a medical IR sensor (3a) [9] . The microwave radiation at the applicator output is controlled in a closed loop (based on a proportional-derivative algorithm stored in the microcontroller firmware) by the temperature measured with an IR sensor (3a). We used a proprietary design for the applicator with an active aperture diameter of 50mm [10] . The applicator's structure and the microwave intensity profile in the proximity of the applicator's aperture (cross section) is presented in Fig. 3 .
The phantom (4) is manufactured in laboratory using 10mm thick plexiglas for the external walls (4a) and 0.1mm mylar for the internal and front walls (4b). To avoid the curvature of the mylar walls caused by the internal liquid pressure, the thin walls were glued with transparent silicone (5 mm deep notches). L1 = 5mm, L2 = 10mm, L3 = 50mm, L = 100mm, h = 60mm 1-embedded system 2-microwave generator 3-coaxial applicator (3a-IR sensor and it's adjacent communication bus) 4-multilayer phantom (4a-10mm exterior wall, 4b-0.1mm mylar walls) 5-medical grade thermistors 6-temperature measurement and movement system on Ox axis 7-unipolar stepper 8-Personal Data Assistant 9-opto-isolated control bus 10-serial connection The mylar walls split the whole volume into a three layers phantom which mimes the skin (L1 = 5 mm), the fat (L2 = 10 mm) and the muscles or organs (L3 = 50 mm). The temperature inside the layers is measured by three medical grade thermistors (5) [11] , using an analog resistor -to voltage Fig. 3 Our custom designed applicator and it's real temperature profile in physiological serum [10] . A small asymmetry in the temperature profile (created by the annular slot non-homogeneity) is clearly visible.
conversion circuit (Fig. 4) . The analog rescaled signals are sampled by a controller (6), using the 10 bit
Analog to Digital converter of a PIC16F88 microcontroller [12] . Sampled data are sent via a 3.3V
CMOS serial connection to a PDA PalmPilot which saves data on small Excel sheets stored in its own memory. The embedded system (2) also drives a step-by-step unipolar motor, which moves the temperature sensors over the Ox axis at well defined time moments (Fig.4) . The microcontroller (2) can synchronize the microwave pulses generation through an opto-isolated digital signal (9) after the temperature sensors have been moved on the appropriate position. Once started, the process cannot be stopped until the entire phantom length (L) is swept. If multiple temperature profiles are needed on the height h, manual adjustment on Oy axis is possible.
The thermistor R1 (Fig. 4) is supplied with 10µA by a constant current generator (U1-B, Q1 and R5), using a 30ppm/ºC reference voltage [13] floated between +Vref and +VA. The analog voltage resolution measurement at T1 output is about 3mV, which corresponds to a temperature resolution of 0.12 °C. The relative temperature error acquired by the whole assembly has been measured using a high precision RTD thermometer (RD0375) and standard calibration methods; it was found a maximum ±0.2ºC over 20°C-50ºC temperature range, for all three sensors. The L1 line filter (impedance Z = 600ohm at 100MHz) and C7 is a microwave filter against parasitical radiation captured by the thermistor (which acts as an antenna during microwave heating), protecting the U1-A input against strong electromagnetic field. All the equipments from (6) to (8) from the set-up (Fig. 2) are floated from the ground and supplied by nickel metal hydrure (NiMH) accumulators, preventing the possible damage produced by the leakage of the electric field (generated by the microwave radiation). This feature of the system is one of the key for acquiring valid and stable temperature measurements
Methods
The coaxial applicator (3) and the phantom's frontal wall (Fig. 2) are carefully aligned on the Oz symmetry axe. During the experiment, this alignment must be kept unchanged. Around the phantom's
tank, an open space of min. 150mm is maintained (excepting the front wall situated in the proximity of the applicator). The phantom has been filled with physiological serum (0.9% NaCl solution, Table ) and left at room temperature for at least one hour until complete temperature homogenization. The immersion depth of the sensors into the layers is manually adjusted at the beginning of the experiment on Oy axis at half depth (30mm) and close to the left wall (4a, Fig. 2 ). The microwave Each temperature sensor in Fig. 2 is provided with a similar circuit.
generator is programmed at about 700W in pulse mode (80% duty-cycle) allowing the hyperthermia temperature rise (range: 41.5°C -46ºC) [14] to occur inside the phantom in about 3 minutes. The upper limit temperature viewed by the IR sensor on the front wall is set at 46.0ºC. Once the upper limit temperature is reached, the microwave generation is automatically stopped by the embedded system (1) (Fig. 2) . The temperature measurement process starts after the front wall reached the hyperthermia lower temperature limit. Due to the fact that the microwave radiation overheats the thermistors immersed into the phantom, an algorithm (Fig. 5) has been implemented into the microcontroller firmware (6, Fig. 2 ) to allow the thermistors extra-heat dissipation into the phantom before each measurement [15] . During about 60s, which is the time of temperature measurement, 3x24 data sets were simultaneous captured. Each new measurement set must start from a thermal equilibrium state of the phantom. It is to notice that the thermistor's movement inside the phantom creates an unwanted mechanical wave, which partially homogenizes the liquid volume. Two experiments (every set with three dynamic temperature measurements) were performed during the microwave heating process at 50% and 80% duty-cycle. The temperature profile over the applicator width (60mm), at h/2 deep into the phantom at 80% microwave duty-cycle is presented in Fig. 6 . Once the experimental conditions are fixed (liquid parameters, MW power and duty-cycle, the applicator-tank alignment) the temperature profile reproducibility inside the layers was within 1% in the 36°C -46°C temperature range. The temperature sampling rate (t 1 =t 0 + ∆t) must allow a delay time of minimum twice of the thermistors response time (Fig. 5) cycle is, the same delay ∆t is maintained to compensate the thermistor overheat until the temperature is read. The measurements reveal a hot spot (47.2°C) in L1 layer, at 33mm distance from origin (L = 0 mm) caused by the applicator's microwave distribution non-homogeneity. The applicator's nonhomogeneity has been also investigated with an optical alternative method (Fig. 3) , using a thermographic transducer [16] ; similar results have been obtained. The initial volume temperature of L1 layer is about +1.0ºC greater than the surface temperature measured using IR (which is 46.0°C), because the IR sensor is measuring the mylar wall temperature and not the liquid's temperature. The liquid inside the layer L1 has an increased cooling rate due to the relative high surface of the front wall (visible mostly at L = 0-5mm and L = 50-55mm on the phantom width temperature profile from Fig.   6 ). Once the difference between L1 surface temperature (measured by IR) and volume temperature of the L2 or L3 layer (measured by a contact technique) is established, the correction to the temperature value is programmed into the MW generator's embedded system (1, Fig. 2 ) and the MW heating process can be repeated. Since the correction may increase the L1 layer overheating (the skin), in MW hyperthermia treatments, a bolus is used between the applicator and the skin. A large volume of thermostable deionized (distilated) water is flowing through the bolus for cooling the skin. The bolus is also used for patient-applicator impedance adapting. 
Conclusions
The method presented in this paper allows precise temperature profile determination (less than ±0.2°C relative error) inside a low density liquid layered phantom, heated by high power microwave field. The solution presented in the experiment allows the user to create its own layered phantom and alter its dimensions as need. The phantom's depth size (L1=5mm, L2=10mm, L3=50mm, Fig. 2 ) is based on the data taken from the literature for a normal body shape. The physiological serum has been chosen in our investigations as the phantom liquid, but the method can be applied to any other absorbing liquids or mixtures with low viscosity. Of course, both the alignment of the MW applicator and the absorption proprieties of the used liquids modify the temperature profiles inside the phantom.
However, once the experimental conditions are fixed (liquid parameters, MW frequency, power dutycycle and the applicator alignment relatively to the tank) the temperature shape inside the layers is reproducible within 1% in the 36°C -46°C temperature range. It was demonstrated that, using this method, the microwave power at the generator output can be adjusted by analyzing the differences between the layers' temperatures (measured by a contact technique) and surface's temperatures of the phantom (measured by IR method). Even more, once the phantom mimes a real human tissue, the temperature correction of the microwave generator IR sensor allows to achieve the maximum hyperthermia temperature inside a given layer of the phantom without hot spot appearance (see Fig.   6 ).
Due to the correlation between the temperature inside the layer and the values of the absorbed MW electric field, the method proved to be also good for testing the applicator's microwave electric field distribution into the sample.
The authors are aware that there are similar performing methods used for similar purposes (using very expensive fiber optic thermometers for example), but the advantage of the proposed method is, together with the high accuracy, its low cost.
The main limitation of the method is given by the occurrence of mechanical waves during phantom width sweeping by the immersed thermistors, which partially homogenize the phantom layers temperature.
